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ABSTRACT 


"  The  reliabiiiiy  of  Navy  standard  electronic  modules  may  be  improved  by  decreasing 
overall  module  temperature.  This  may  be  accomplished  by  enhancing  the  thermal  contact 
conductance  at  the  interface  between  the  module  frame  guide  rib  and  the  card  rail  to  which  the 
module  is  clamped.  The  surface  irregularities  resulting  from  the  machining  or  extruding  of  the 
components  cause  the  true  contact  area  to  be  much  less  than  the  apparent  contact  area,  increasing 
the  contact  resistance.  Some  metallic  coatings,  applied  to  the  card  rail,  would  deform  easily 
under  load  and  increase  the  contact  area  and  associated  conductance.  This  investigation  evaluates 
possible  coatings  and  determines  those  most  suitable  for  use  on  card  rails  based  upon  predictions 
using  existing  theories  for  thermal  contact  conductance  of  coated  junctions. 


NOMENCLATURE 


^  ‘ 

a  Contact  spot  radius 

b  Radius  of  heat  flux  channel 

h  Thermal  contact  conductance 

H  Hardness 

k  Thermal  conductivity 

m  Combined  RMS  absolute  asperity  slope  (m,*  + 

N  Mean  number  of  microcontact  spots  per  unit  area 
P  Apparent  contact  pressure 

R  Thermal  contact  resistance 

t  Coating  thickness 

c  Combined  RMS  roughness  of  both  surfaces  (Oj*  +  02^) 

(|)  Constriction  factor 


subscripts  and  superscripts 

an  Annular  type  contacts 

av  Average 

A  Per  unit  nominal  area 

c  Contact 

f  Filler 

ff  Filler-to-filler 

j  Joint 

M  Metal 

Mf  Metal-to-Filler 

MM  Metal-to-Metal 

o  Oxide 

00  Oxide-to-Oxide 

s  Substrate 

t  Total 

1,2  Refers  to  surfaces  1  and  2 

'  Refers  to  coating  or  coated  contact 

Average 


1 


1.0  INTRODUCTION 


Pursuant  to  the  objective  of  enhancing  the  thermal  contact  conductance  at  the  interface 
between  the  Navy  Standard  Electronic  Module  (SEM)  formats  D  and  E  and  their  associated  card 
rails,  this  review  presents  an  evaluation  of  the  most  appropriate  surface  treatments  and  coating 
materials  for  the  card  rails. 

One  of  the  most  effective  means  of  controlling  contact  conductance  is  through  the  use  of 
interstitial  materials  between  components.  The  choice  of  interstitial  material  for  a  particular 
application  is  governed  by  such  factors  as  contact  pressure  and  temperature,  environmental 
conditions,  and  of  course,  the  degree  to  which  it  is  desired  to  decrease  or  increase  heat  flow 
across  the  junction.  Many  thermal  control  materials  are  available,  and  Fletcher  (1990)  suggested 
that  the  materials  could  be  divided  into  the  following  the  major  classifications: 

(1)  Greases  and  Oils 

(2)  Metallic  Foils  and  Screens 

(3)  Composites  and  Cements 

(4)  Surface  Treatments 

Fletcher  (1990)  also  identified  and  discussed  the  principal  advantages  and  disadvantages 
of  each  group  of  thermal  control  materials.  Greases  and  oils,  although  easy  to  apply,  may  leak 
from  the  joint  or  evaporate  with  time.  Metallic  foils  are  effective  for  increasing  contact 
conductance.  However,  improper  insertion  of  the  foil  into  the  joint  can  cause  wrinkling  of  the 
foil  and  actually  decrease  conductance.  Also,  disassembly  and  reassembly  of  junctions  with 
interstitial  foils  is  tedious,  and  they  generaUy  are  not  suitable  for  use  in  repeated  contacts. 
Because  of  these  shortcomings,  thermal  greases  and  foil  inserts  are  excluded  from  further 
consideration.  Composites  and  cements  will  also  be  excluded  since  they  are  generally  used  for 


thermal  insulation. 


2 


Surface  trcaanerits  are  generally  used  to  improve  contact  conductance  or  provide  thermal 
control.  Treatments  such  as  metallic  platings,  coatings,  and  vapor  deposited  films  are  more 
permanent  in  nature  than  interstitial  materials  and  may  be  suitable  for  applications  involving 
repeated  and/or  sliding  contact,  depending  upon  coating  properties  and  clearance.  Therefore, 
surface  treatments  are  the  best  choice  for  many  applications. 

A  thorough  search  of  the  literature  was  undertaken  to  identify  those  investigations 
containing  data  and  prediction  techniques  for  the  thermal  conductance  of  coated  contacts.  Three 
types  of  coating  materials  were  identified: 

(1)  Metallic 

(2)  Oxide 

(3)  Anodic 

In  all  studies,  the  coatings  were  deposited  on  a  metallic  substrate. 

The  results  of  each  investigation  are  summarized  in  the  literature  review,  and  those 
materials  suitable  for  thermal  enhancement  are  identified. 
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,7.  2.0  LITERATURE  REVIEW 

There  have  been  a  number  of  investigations  dealing  with  thermal  contact  conductance  of 
coated  surfaces.  Some  of  these  investigations  do  not  provide  enough  information  to  permit 
evaluation.  Those  that  provide  complete  experimental  data  are  reviewed  along  with  those 
theoretical/analytical  studies  which  are  suitable  for  coated  surfaces. 

The  review  is  divided  into  two  sections.  The  first  deals  with  metallic  coatings,  the  second 

with  oxide  and  anodic  films. 

2.1  Metallic  Coatings 

Fried  (1965)  and  Fried  and  Kelley  (1965)  described  thermal  contact  conductance  in  the 
following  manner.  The  contact  heat  transfer  phenomenon,  exclusive  of  the  contribution  of 
radiation,  can  be  divided  into  the  actual  physical  contact  area  determination  and  the  contact  heat 
transfer  based  on  conduction  across  this  actual  area  witii  and  without  an  intervening  film.  The 
determination  of  the  true  contact  area  is  very  difficult  because  existing  techniques  are  not  suitable 
or  practical.  They  stated  that  general  elasticity  and  plasticity  methods  cannot  be  applied  in  most 
thermal  contact  problems  for  the  following  reasons: 

(1)  The  microscopic  irregularities  do  not  engage  each  other  uniformly  to  form  contacts  but 
do  so  in  groups  as  the  large  scale  macroscopic  areas  engage  each  other.  The  possibility 
of  sliding  contact  cannot  be  excluded  from  this  consideration. 

(2)  The  contact  intersection  is  neither  purely  elastic  nor  purely  plastic  but  is  elastoplastic  or 
elastoviscous  in  character.  Thus,  as  a  load  is  applied  there  is  a  redistribution  of  pressure 
among  the  load-bearing  asperities. 

(3)  The  surface  layers,  particularly  when  machined  and  polished  or  when  exposed  and 
oxidized,  have  properties  different  from  the  underlying  material. 
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They  suggested'that  similar  classes  of  materials  having  similar  types  of  work  history  and 
surface  finish  should  permit  the  use  of  statistical  or  semi-empirical  prediction  methods.  Thus, 
although  the  thermal  performance  of  a  particular  set  of  interfaces  may  not  be  specifically 
predicted,  a  method  may  be  developed  to  estimate  the  performance  of  a  particular  class  of 
contacts  provided  the  surfaces  are  well  defined. 

Fried  and  Kelley  (1965)  performed  contact  conductance  experiments  using  304  stainless 
steel  specimens  coated  with  vapor  deposited  aluminum  and  magnesium.  One  trial  employed 
aluminum  coatings  on  both  contacting  surfaces,  which  were  1.5  and  1.9  |im  (59  Md  75  |iin.)  in 
thickness.  The  surface  roughnesses  were  0.6  and  1.0  |im  (24  and  39  |iin.).  For  the  other  trial 
involving  the  magnesium  coating,  a  2  pm  (79  pin.)  thick  film  was  applied  to  one  surface  only. 
The  roughnesses  of  the  coated  and  uncoated  surfaces  were  0.6  and  0-3  pm  (24  and  12  pin.), 
respectively.  Contact  pressures  ranged  from  approximately  0.4  to  8  MPa  (58  to  1 160  psi).  Both 
interstitial  matPirials  enhanced  the  contact  conductance  over  that  of  bare  joints  by  as  much  as  an 
order  of  magnitude  at  high  contact  pressures.  For  the  aluminum-coated  surfaces,  the  values  of 
contact  conductance  obtained  for  descending  loads  were  less  than  those  for  ascending  loads. 
The  basic  conclusions  of  the  investigation  applicable  to  coated  contacts  are: 

(1)  There  appears  to  be  no  significant  effect  of  trapped  or  adsorbed  gases  on  contact  heat 
transfer. 

(2)  Coarsely  finished  surfaces  appear  to  permit  more  reliable  contact  heat  transfer  predictions 
and  provide  more  reproducible  test  data.  Conversely,  very  finely  finished  surfaces  (such 
as  optically  polished  surfaces)  result  in  the  least  reproducibility  and  predictability. 

(3)  The  presence  of  soft  metal  platings  substantially  improves  joint  conductance. 

(4)  Statistical  prediction  methods  appear  to  hold  promise  for  the  thermal  performance  of 
inexactly  defined  surfaces. 

Mal’kov  and  Dobashin  (1969)  investigated  the  resistance  of  Khl8N9T  stainless  steel 
specimens  with  electroplated  coatings  of  silver,  nickel,  and  copper.  All  coatings  were  25  pm 
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(0.001  in.)  in  thickness.'  Surface  roughnesses  varied  from  0.85  to  1.9  4m  (33  to  75  )iin.),  and 
deviations  from  true  flatness  ranged  from  5  to  40  4m  (0.0002  to  0.0016  in.)  Apparent  contact 
pressures  ranged  from  0.48  to  5.6  MPa  (70  to  810  psi),  and  testing  was  performed  in  a  vacuum. 
The  test  temperature  range  was  250  to  550“C  (482  to  1022“F). 

They  found  that  the  microgeometry  of  the  coating  surface  is  determined  to  a  large  extent 
by  the  miciogeometry  of  the  underlying  metal  surface.  Although  the  thickness  of  the  coatings 
applied  in  this  set  of  experiments  was  12-15  times  the  height  of  the  asperities,  the  surface 
characteristics  of  the  coatings  remained  practically  unchanged  from  those  of  the  substrate  for  the 
case  of  the  silver  coating.  The  surfaces  of  the  copper  and  nickel  coatings  were  somewhat 
rougher  and  smoother,  respectively,  then  their  underlying  stainless  steel  surface. 

Mal’kov  and  Dobashin  (1969)  noted  that  for  the  given  pressure  rMge,  the  thermal  contact 
resistances  of  the  coated  joints  were  reduced  by  factors  of  2  to  10  from  the  value  for  the 
uncoated  contact.  The  resistance  of  specimens  that  were  lapped  after  being  coated  became 
negligibly  small  with  increasing  contact  pressure.  Increases  in  surface  roughness  and  waviness 
resulted  in  increased  resistance;  however,  the  contact  resistance  was  less  affected  by  pressure  for 
increasing  waviness.  Coated  or  uncoated  lapped  surfaces  had  lower  resistance  than  unlapped 
surfaces,  which  they  attributed  to  the  decreased  roughness  and  waviness.  The  coatings  became 
decreasingly  effective  with  increasing  waviness. 

Mikic  and  Camasciali  (1969)  developed  an  analysis  for  the  thermal  contact  resistance  of 
an  elemental  heat  channel  (single  contact).  They  argued  that  the  analysis  for  an  elemental  heat 
channel  can  be  used  for  evaluation  of  contact  resistance  for  multiple  contacts  between  nominally 
flat,  rough  surfaces  or  directly  applied  to  calculation  of  macroscopic  constriction  resistance  for 
wavy,  smooth  surfaces. 
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They  alsa^>roposed  that  the  thennal  contact  resistance  is  inversely  proportional  to  the 
thermal  conductivity  of  the  material  in  the  disturbed  region,  where  isothermal  surfaces  are  not 
parallel  to  the  interface.  They  also  stated  that  an  inaease  in  thennal  conductivity  in  the  vicinity 
of  the  contact  points  will  reduce  the  contact  resistance  for  a  fixed  geometry.  They  noted  that 
highly  conductive  platings  may  significantly  reduce  the  resistance.  Platings  may  also  be  used 
to  alter  the  geometry  of  the  contact  for  a  given  interfacial  load  due  to  the  generally  different  yield 
strengths  of  the  plating  and  substrate. 

Mikic  and  Camasciali  (1969)  further  suggested  that  the  plating  of  only  one  contacting 
surface  should  have  only  a  limited  effect  on  the  resistance  since  the  entire  constriction  on  the 
unplated  side  still  has  to  take  place  in  a  low-conductivity  material.  When  both  surfaces  are 
plated,  the  combined  effects  of  the  change  of  thermal  conductivity  in  the  constriction  region  and 
the  change  in  geometry  of  the  contact  are  fully  realized,  and  the  contact  conductance  is  most 
improved. 

Their  nxxiel  for  predicting  the  ratio  of  the  coated-to-uncoated  contact  conductance  uses 
as  input  information  three  ratios:  l/a,  a/b,  kj/kj,  where  t  is  the  plating  thickness,  a  is  the  radius 
of  the  microcontact  of  the  two  plating  asperities,  b  is  the  radius  of  the  heat  flux  channel  remote 
from  the  constriction,  and  kj  and  kj  are  the  thermal  conductivities  of  the  plating  and  substrate 
materials,  respectively.  The  resistance  ratio  for  the  coated-to-uncoated  contacts  (R^/R)  is  reduced 
by  increases  in  each  of  the  three  previously  listed  ratios. 

An  experimental  verification  Of  the  theory  was  conducted  by  Mikic  and  Camasciali  (1969) 
using  a  macroscopic  model  of  a  single  constriction.  The  plating  and  substrate  materials  were 
copper  and  303  stainless  steel,  respectively.  Cylinders  of  each  material  were  soldered  together 
to  simulate  perfect  bonding  of  the  plating  to  the  substrate.  Then  a  portion  of  each  copper 
cylinder  was  turned  to  a  smaller  radius  to  simulate  a  constriction.  Experiments  using  ratios  of 


7 


i/b  and  t/a  from  0.5  to  '2.0  (ki/k2=23.0)  yielded  reductions  in  the  resistance  ratio  by  a  factor  of 
10  to  20.  Their  experimental  results  demonstrated  close  agreement  with  the  theory.  However, 
no  information  on  surface  topography  was  provided  that  would  allow  comparison  of  their  results 
to  those  of  other  investigations. 

O’Callaghan  et  al.  (1981)  present  a  theory  which  predicts  the  optimum  thickness  of  a 
metallic  coating  for  maximum  thermal  contact  conductance.  It  assumes  that  ideal  plastic 
deformation  occurs  at  the  interface  of  a  rough  and  smooth  surface.  It  further  assumes  that  the 
material  within  intersections  of  the  surfaces  (i.e.,  parts  of  the  asperities  protruding  into  the 
coating)  has  no  effect  on  the  contact  conductance.  They  indicate  that  if  the  filler  material  were 
fully  ductile  it  would  extrude  from  the  asperity  intersections  into  non-contact  regions  and  result 
in  greater  values  of  thermal  contact  conductance  than  the  theory  suggests. 

The  following  assumptions  arc  intrinsic  to  their  theory: 

(1)  Surface  asperities  may  be  represented  as  tight  circular  cones. 

(2)  All  microcontacts  regions  are  annular. 

(3)  The  filler  is  of  uniform  thickness,  so  its  presence  does  not  alter  the  surface  topographies. 

(4)  As  a  result  of  assumptions  (2)  and  (3),  the  contact  configuration  is  comprised  by  base- 
material-to-base-material  circular  microcontacts  surrounded  by  concentric  annuli  of  the 
filler  material  with  additional  circular  microcontacts  of  the  filler  material  alone. 

(5)  Height  distributions  of  the  asperities  may  be  described  by  Gaussian  probability  functions. 

(6)  The  effective  thermal  conductivity  of  a  filler-to-filler  contact,  kg,  is  given  by  the  harmonic 
mean  of  the  filler  and  base  metal  conductivities. 

(7)  The  effective  thermal  conductivity  of  an  annular  contact  is  the  arithmetic  mean  of  the 
base  metal  and  filler  conductivities. 

They  suggested  that  if  the  filler  is  softer  than  the  base  materials,  the  real  contact  area  will 
be  increased  for  a  given  pressure  compared  to  the  same  interface  without  filler.  They  also 
contend  that  the  degree  of  improvement  depends  on  the  ratio  of  the  conductivities  of  the  filler 
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•and  base  materidsirrand  the  optimal  filler  thickness  is  expected  to  be  of  the  order  of  the  surface 
roughness. 

O’Callaghan  et  al.  (1981)  conducted  experiments  using  stainless  steel  (En58b)  specimens 
with  ion-deposited  tin  coatings  ranging  in  thickness  from  approximately  3  to  106  pm  (0.00012 
to  0.0042  in.)  Their  theoretical  prediction  exhibited  fairly  good  agreement  with  the  data. 

Snaith  et  al.  (1982)  identified  a  general  criterion  for  determining  whether  a  filler  material 
of  suitable  thickness  will  decrease  contact  resistance: 

kt,  >  1 

where  Hp  and  are  the  hardnesses  of  the  filler  and  substrate,  and  1^  and  kj,  are  the  thermal 
conductivities  of  the  filler  and  substrate. 

The  optimal  thickness  is  expected  to  occur  when  filler  thickness,  t,  is  on  the  order  of  the 
RMS  surface  roughness,  o.  If  t  <  a,  resistance  is  reduced  because  of  the  presence  of  additional 
solid  flow  channels  through  the  filler.  For  t »  a,  the  bulk  resistance  of  the  filler  tends  to  exceed 
the  reduction  in  constriction  resistance  afforded  by  the  filler.  The  assumptions  made  in 
developing  this  theory  are  identical  to  those  of  O’Callaghan  et  al.  (1981). 

Antonetti  and  Yovanovich  (1985)  developed  a  thermomechanical  model  for  predicting  the 
contact  conductance  of  a  nominally  flat,  rough  surface  and  a  metallic-coated  smooth  surface.  A 
correlation  for  bare  joints,  by  Yovanovich  (1982),  was  used  as  the  basis  for  this  coated  contact 
theory.  The  major  assumptions  made  in  formulating  this  theory  were: 

(1)  Contacting  surfaces  are  clean  and  in  a  vacuum.  That  is,  gaseous  conduction  across  the 
gaps  is  negligible.  Radiation  heat  transfer  is  also  negligible. 

(2)  Contacting  surfaces  are  microscopically  rough  but  macroscopically  flat  and  have  Gaussian 
height  distributions. 


9 


.  (3)  When  either,  of  the  contacting  surfaces  is  coated  with  a  soft  metal,  the  real  pressure 
between  the  surfaces  is  equal  to  that  of  the  "effective"  hardness  of  the  layer- substrate 
combination. 

(4)  The  real  contact  area  consists  of  circular,  isothermal,  microcontact  spots  which  are 
disnibuted  unifonnly  over  the  apparent  area.  When  a  coating  is  present,  the  contact  is 
also  assumed  to  be  a  circular  spot,  but  now  residing  on  the  top  of  the  coating.  In  other 
words,  penetration  of  the  harder  surfaces  into  the  coating,  which  undoubtedly  occurs  to 
some  extent,  is  ignored  to  simplify  the  subsequent  thermal  analysis. 

(5)  Contact  between  the  coating  and  substrate  is  perfect  TTiey  cited  an  earlier  investigation 
by  Cecco  and  Yovanovich  (1972)  which  states  that  the  resistance  of  a  perfect  joint  is 
about  two  orders  of  magnitude  smaller  than  the  constriction  resistance  of  the  pressed 
contact 

(6)  A  coated  surface  has  the  same  surface  characteristics  as  the  underlying  substrate. 

Their  predicted  contact  conductance  is  presented  in  a  dimensionless  form  that  is  dependent 

on  parameters  which  include:  surface  roughness  and  asperity  slope,  apparent  pressure, 
microhardness  of  the  rough  surface  and  effective  microhardness  of  the  coated  smooth  surface, 
and  the  effective  thermal  conductivity  of  the  joint  (which  involves  the  thermal  conductivities  of 
the  two  contacting  materials  and  a  constriction  parameter  correction  factor  for  a  coated  joint). 
They  stated  that  the  effective  microhardness  of  the  coated  surface  must  be  determined 
experimentally  for  the  particular  coating-substrate  combination  in  question.  Experiments  were 
performed  on  silver  coated  nickel  specimens  in  contact  with  bare  nickel  specimens  to  verify  the 
contact  conductance  theory.  The  applied  contact  pressure  extended  over  the  range  of  5(X)  to  3100 
kPa  (72  to  540  psi),  and  the  mean  interface  temperature  varied  from  85  to  206"C  (185  to  403°F). 
Their  results  for  a  pressure  of  2000  kPa  (290  psi)  were  nominally  within  10%  of  their  theoretical 
predictions  of  contact  conductance.  The  contact  conductance  of  the  coated  junction  was  as  much 
as  an  order  of  magnitude  greater  than  that  of  the  bare  junction.  They  also  noted  that  for  a  given 
layer  thickness,  the  enhancement  increased  for  smoother  surfaces. 
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Kang  et  ak"0989)  determined  the  degree  to  which  lead,  tin,  and  indium  vapor-deposited 
coatings  could  increase  the  contact  conductance  of  6101-T6  aluminum  interfaces.  They  used  four 
thicknesses  of  each  coating  ranging  from  a  few  tenths  of  a  pm  to  a  few  pm.  All  tests  were 
conducted  in  a  vacuum  and  over  a  nominal  pressure  range  of  200  kPa  (29  psi).  Metrological 
information  included  average  and  RMS  roughness,  peak-to-valley  height,  average  and  RMS 
asperity  slope,  and  average  and  maximum  waviness  height  They  reported  typical  specimen 
surface  measurements  of  approximately  0.7  pm  (28  pin.)  for  RMS  roughness,  0.08  for  RMS 
asperity  slope  and  2.5  pm  (98  pin.)  for  average  waviness  height  The  average  interface 
temperature  for  all  tests  was  approximately  25"C  (77T). 

They  performed  extensive  Vickers  microhardness  tests  of  coated  and  uncoated  specimens. 
Five  readings  at  seven  indenter  loads  were  taken  for  each  specimen  tested.  Coated  surfaces 
exhibited  a  trend  of  increasing  microhardness  with  increasing  load  (i.e.,  decreasing  ratio  of 
coating  thickness  to  indenter  penetration  depth),  which  was  also  noted  by  Antonetti  and 
Yovanovich  (1985).  Kang  et  al.  developed  analytical  expressions  for  the  effective  microhardness 
of  the  three  coating-substrate  combinations  that  were  analogous  to  that  given  by  Antonetti  and 
Yovanovich  (1988)  for  a  silver-coated  nickel  specimen.  Kang  et  al.  noted  that  the  microhardness 
of  the  bare  6101-T6  aluminum  samples  increased  slightly  for  greater  indenter  loads. 

Kang  et  al.  (1989)  concluded  that  the  optimal  coating  thicknesses  were  in  the  range  of  2.0 
to  3.0  pm  (79  to  1 18  pin.)  for  indium,  1.5  to  2.5  pm  (59  to  98  pin.)  for  lead,  and  0.2  to  0.5  pm 
(8  to  20  pin.)  for  tin.  They  reported  maximum  coated-to-uncoated  contact  conductance  ratios  of 
approximately  7, 4,  and  1.5  for  indium,  lead,  and  tin,  respectively,  and  suggested  that  the  coating 
hardness  appears  to  be  the  most  significant  factor  in  ranking  the  effectiveness  of  a  coating.  They 
further  noted  that  the  conductance  enhancement  provided  by  a  coating  of  a  given  thickness  was 
greatest  at  low  contact  pressures,  decreasing  significantly  with  increases  in  contact  pressure. 
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They  reasoned  that  as  pressure  was  initially  increased,  the  growth  in  contact  area  of  the  coated 
joints  was  much  greater  than  for  the  bare  joints  due  to  the  sofmess  of  the  coating.  They  went 
on  to  state  that  as  the  pressure  was  steadily  increased,  the  rapid  growth  in  contact  area  was 
reduced  by  the  contact  between  substrate  asperities  which  had  penetrated  the  coating  material. 
Finally,  they  concluded  that  the  reduction  in  the  contact  area  growth  rate  resulted  in  a  reduction 
in  the  thermal  contact  conductance  enhancement  Kang  et  al.  (1989)  also  observed  that  the 
optimal  coating  thickness  decreased  as  pressure  was  increased. 

Chung  et  al.  (1990)  studied  the  effects  on  contact  conductance  of  ion-vapor-deposited 
coatings  of  aluminum,  lead,  and  indium  on  6061-T6  aluminum.  They  employed  two  coating 
thicknesses,  25.4  and  50.8  |im  (0.001  and  0.002  in.),  and  two  surface  roughnesses,  1.6  and  3.2 
^im  (63  and  126  nin.).  Two-surface  coatings  (i.e.,  both  surfaces  of  a  contact  pair  were  coated 
with  a  combined  coating  thickness  of  25.4  or  50.8  iim)  were  also  investigated.  Thermal 
conductance  enhancement  varied  from  0  to  5(X)  percent  of  the  uncoated  value  depending  on  the 
surface  characteristics.  Four  nominal  contact  pressures  from  100  to  500  kPa  (14  to  72  psi)  were 
used. 

The  ratios  of  coated-to-uncoated  contact  conductance  for  the  rougher  substrates  showed 
greater  improvements.  This  was  attributed  to  the  fact  that  a  rougher  substrate  will  penetrate  a 
soft  coating  more  deeply,  thereby  increasing  contact  area  and  contact  conductance.  For  the 
smaller  substrate  roughness,  1.6  jim  (63  Jiin.),  pressure  had  little  effect  on  the  conductance  ratio 
with  the  exception  that  the  thicker  indium  coating  exhibited  a  peak  conductance  at  175  kPa  (25 
psi).  Also,  for  aluminum  and  lead  coatings,  the  coated-to-uncoated  conductance  ratios  for  the 
two  coating  thicknesses  showed  little  difference,  while  the  conductance  ratios  for  indium 
increased  slightly  for  the  thicker  coating. 
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For  the  lafieFsubstrate  roughness,  3.2  |xm  (126  ^in.),  the  conductance  ratio  increased  with 
pressure  for  aluminum  and  lead  coatings  and  was  generally  slightly  less  for  the  thicker  coating 
than  for  the  thinner  coating.  Interfaces  coated  with  indium  exhibited  an  opposite  trend  of  higher 
conductance  ratios  for  the  thicker  coating,  and  contact  pressures  between  175  and  275  kPa  (25 
and  40  psi)  provided  the  greatest  enhancement  of  conductance.  Also,  for  a  given  coating  material 
and  total  coating  thickness,  two-surface  coatings  generally  provided  greater  increases  in  contact 
conductance  than  one-surface  coatings. 

The  enhancement  of  thermal  contact  conductance  varied  from  150  to  500»  0  to  250,  and 
0  to  100  percent  increases  for  indium,  aluminum,  and  lead,  respectively.  Chung  et  al.  (1990) 
observed  that  the  differences  between  the  conductance  ratios  of  two-surface  and  one-surface 
coatings  were  dependent  on  the  coating  material  involved.  Lead  coatings  showed  no  significant 
differences,  whereas  two-surface  coatings  of  aluminum  and  indium  displayed  significantly 
increased  conductance  over  one  surface  values.  They  noted  that  in  general,  for  a  given  coating 
thickness  the  enhancement  of  conductance  increases  with  surface  roughness,  provided  the 
thickness  of  the  coating  is  many  times  greater  than  the  value  of  surface  roughness. 

Chung  et  al.  (1991)  examined  pure  copper  and  copper-carbon  mixtures  (transitional 
buffering  interfaces,  TBI)  applied  to  both  contacting  surfaces  of  6061-T651  Al.  They  employed 
four  aluminum  surface  roughnesses  ranging  from  0.17  |Jm  to  3.55  jjm  (6.8  to  142  ^in.).  Two 
coating  thicknesses,  0.19  and  0.24  \un  ( 7  and  9  jiin.)  for  the  copper  coatings  and  0.25  and  0.45 
urn  (10  and  18  pin.)  for  the  Ca/C  coatings,  were  tested  for  each  of  the  four  surface  roughnesses. 
The  coating  process  involves  plasma-enhanced  deposition  onto  cold  surfaces  of  either  conducting 
(metallic)  or  non-conducting  (nonmetallic)  base  material.  They  claimed  that  TBI  coatings  provide 
excellent  contact  conductance  and  long  life  under  repeated  loads. 
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Pxire  copper  yielded  contact  conductance  values  1.09  to  1.31  times  those  for  copper  and 
carbon  phase  mixtures  over  a  pressure  range  of  125  to  500  kPa  (18  to  72  psi).  They  stated  that 
pure  copper  coating  is  more  thermally  conductive  than  a  CWC  coating  because  of  the  low  thermal 
conductivity  and  high  hardness  of  carbon. 

They  assumed  that  load  cycling  increased  contact  conductance  by  successively  plastically 
deforming  the  surfaces.  There  were  also  hysteresis  effects,  i.e.,  the  unloading  conductance  was 
greater  than  loading  conductance  for  a  given  pressure.  Blasted  rough,  bare  surfaces  had  higher 
conductances  than  polished  surfaces  by  a  factor  of  from  1.3  to  2.6  due  to  the  .larger  area  of 
contact  spots  of  the  former.  They  also  noted  that  the  most  significant  improvwnent  in 
conductance,  as  a  result  of  the  application  of  coatings,  was  obtained  for  turned  surfaces  (as 
opposed  to  polished  or  blasted  surfaces)  for  which  the  loot-mean-square  (rms)  roughness  was 
approximately  equal  to  the  coating  thickness.  Coating  thicknesses  beyond  this  led  to  decreased 
conductance.  Also,  coatings  much  thinner  than  the  surface  toughness  values  did  not  improve 
conductance. 

2.2  Oxide  and  Anodized  Coatings 

Yip  (1974)  developed  a  prediction  for  the  contact  resistance  of  oxidized  metal  surfaces. 
These  oxides  form  as  a  result  of  exposure  to  the  atmosphere,  fresh  ot  sea-water,  or  soil.  He 
stated  that  oxides  are  much  less  ductile  than  most  light  metals,  and  their  presence  decreases  the 
actual  contact  area.  He  suggested  that  contact  conductance  is  furthw  reduced  by  the  genmlly 
poor  thermal  conductivity  of  oxides. 

The  expression  for  estimating  contact  resistance  includes  as  variables:  surface  roughness, 
asperity  slope,  nondimensional  oxide  thickness,  the  ratios  of  apparent  pressure  to  substrate  metal 
hardness  and  oxide-to-metal  hardness,  and  the  thermal  conductivities  of  the  metal  and  its  oxide. 


14 


•The  theory  predicts*  one-hundred  fold  increase  in  contact  resistance  for  aluminum  with  a  total 
oxide  thickness  approximately  equal  to  the  surface  roughness  for  a  non-dimensional  stress  of  1(X*, 
which  is  the  ratio  of  the  apparent  pressure  to  the  metal  hardness. 

Yip  noted  that  the  oxidation  film  thickness  of  aluminum  alloys  varies  firom  0.003  to  0.3 
|im  (0.12  to  12  ^lin.)  when  such  metals  are  exposed  to  air  at  various  humidities.  Magnesium  and 
its  alloys  exhibit  a  build-up  of  magnesium  hydroxide  at  a  rate  of  0.01  ^im  (0.4  ^in.)  per  year 
when  exposed  to  humid  air.  He  stated  that  the  roughness  of  machined  surfaces  may  range  from 
0.025  to  6.5  iim  (0.98  to  256  pin.).  Thus,  it  was  suggested  that  the  contact  resistance  of 
aluminum  alloys  may  vary  by  a  factor  of  100  over  the  stated  range  of  surface  finishes  and 
severity  of  oxidation. 

He  conducted  experiments  using  specimens  of  6061-T6  aluminum  alloy  with  one  of  two 
rms  average  surface  roughnesses,  1.5  and  6.6  iim  (59  and  260  pin.),  and  an  assumed  oxide 
thickness  of  0.075  pm  (3  pin.).  Theory  and  data  agreed  quite  well  for  this  assumed  oxide 
thickness.  The  contact  resistance  increased  by  a  factor  of  nine  for  a  pair  of  smoother  surfaces 
with  roughnesses  of  1.5  pm  (59  pin.)  and  by  a  factor  of  two  for  a  pair  of  surfaces  with 
roughnesses  of  6.6  pm  (260  pin.).  Yip’s  theory  could  not  be  explicidy  proven  accurate  due  to 
the  lack  of  knowledge  of  actual  oxide  film  thicknesses. 

Mian  et  al.  (1979)  examined  the  contact  resistance  of  oxide  films  on  samples  of  mild  steel 
(EN3B).  They  tested  specimens  that  were  lapped  flat  then  sandblasted  to  a  roughness  of  0.08 
pm  (3.3  pin.).  One  contacting  surface  was  oxidized  to  obtain  a  film  thickness  of  0.35  pm  (14 
pn.).  They  employed  a  form  of  the  Arrenhius  equation  was  used  to  estimate  the  growth  of  oxide 
films  for  various  temperatures  and  oxidation  periods. 

The  data,  when  plotted  with  additional  data  for  different  oxidized  EN3B  specimens 
obtained  from  colleagues  (Al-Astrabadi  et  al.,  1980),  indicated  that  the  thermal  contact  resistance 
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decreased  with  iHcreasing  load  and  surface  roughness.  Mian  et  al.  suggested  that  the  common 
slope  of  the  linear-resistance-versus-pressure  traces  was  suggested  to  be  the  result  of  ideal  plastic 
deformation  of  the  surface  irregularities.  They  also  attributed  the  observance  of  a  slight 
hysteresis  upon  unloading  to  plastic  deformation.  The  contact  resistance  was  doubled  when  the 
ratio  of  total  oxide  film-thickness-to-surface-roughness  was  approximately  equal  to  four,  but 
increases  in  the  ratio  beyond  this  value  did  not  significantly  increase  the  contact  resistance.  The 
film  thickness,  rather  than  the  roughness,  was  the  dominant  variable  affecting  the  resistance. 
They  correlated  the  entire  population  of  data  and  demonstrated  that  it  agreed  reasonably  well  with 
Yip’s  theory. 

Mian  et  al.  (1979)  identified  factors  that  affect  contact  resistance.  These  include 
constriction  and  dilation  of  heat  flow  in  oxide  films,  the  shapes  of  the  microcontacts  as  dictated 
by  the  history  of  the  surfaces,  the  isotropy  of  the  surface  roughness,  and  the  degree  of  waviness. 
They  also  proposed  that  knowledge  of  the  manner  in  which  oxide  films  rupture,  the  local  yielding 
regions,  and  the  fracture  stresses  are  needed  for  a  comprehensive  undCTStanding  of  the  behavior 
of  oxidized  contacts.  The  authors  contend  that  although  the  film  does  fracture,  it  is  still  present 
and  probably  affects  the  contact  resistance. 

Al-Astrabadi,  et  al.  (1980)  developed  a  theoretical  prediction  for  the  contact  resistance  of 
oxidized,  nominally  flat,  randomly  rough  metallic  surfaces.  The  assumptions  regarding  the  nature 
of  the  microcontacts  are  analogous  to  those  later  described  by  O’Callaghan,  et  al.  (1981).  The 
filler  material  for  the  formCT  case  was  an  oxide  film,  whereas  in  the  lattCT  investigation  it  was 
replaced  by  a  metallic  coating.  Al-Astrabadi  et  al.  noted  that  an  oxide  is,  in  general,  harder  and 
less  ductile  than  its  parent  metal  Thus,  they  concluded  that  the  formation  of  oxides  tends  to 
reduce  the  true  metal-to-metal  contact  for  fleshly  assembled  joints,  resulting  in  increased  thermal 


contact  resistance. 
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Al-Astraba^et  al.  (1980)  contended  that  the  resistance  of  a  metal-to-metal  joint  between 
clean  surfaces,  assembled  in  a  vacuum  and  under  constant  heat  flux  and  loading,  should  decrease 
when  exposed  to  an  oxidizing  atmosphere.  This  is  due  to  the  growth  of  oxide  around  the 
contacting  asperities  leading  to  enhanced  annular  oxide-to-oxide  contacts  as  well  as  additional 
newly  formed  oxide-to-oxide  bridges.  However,  they  also  stated  that  resistance  is  seen  to 
increase  with  oxide  film  growth  because  of  several  factors. 

(1)  The  contact  is  seldom  subjected  to  a  constant  load  and  heat  flux. 

(2)  Such  mechanical  and  thermal  fluctuations  result  in  intermittent  contact  behavior  allowing 
the  growth  of  oxides  to  disrupt  the  metallic  contact  bridges. 

(3)  The  accumulation  of  oxide  in  the  non-contact  regions  could  force  the  surfaces  apart, 
breaking  the  metallic  bridges. 

(4)  Oxide  and  contaminant  formation  induces  passive  transient  behavior,  encouraging  factors 
(2)  and  (3)  above. 

They  conducted  experiments  to  verify  the  theory  using  mild  steel  (EN3B)  specimens  with 
surface  roughnesses  ranging  from  approximately  0.12  to  2.0  |xm  (4.7  to  79  pin.),  asperity  slopes 
between  0.04  and  0.19  radians,  and  oxide  film  thicknesses  of  0.055  to  0.1 18  pm  (2.2  to  4.6  pin.). 
They  noted  that  oxidation  of  the  surfaces  had  a  minimal  effect  on  their  topography,  and  the 
distribution  of  aspoity  heights  was  nearly  Gaussian.  However,  they  cautioned  that  this 
observation  was  only  valid  for  thin  oxide  films.  Heavily  oxidized  surfaces  exhibited  a  five-fold 
increase  in  roughness  over  the  unoxidized  condition  and  displayed  skewed  height  distributions. 
The  theory  agreed  reasonably  well  with  the  data  for  the  range  of  surface  parameters  examined. 

The  authors  further  noted  that  when  coated  surfaces  are  pressed  together,  the  contact  is 
different  from  bare  surfaces  under  identical  conditions.  They  stated  that  the  following  three  ratios 
influence  the  contact  resistance:  the  ratio  of  coating  to  substrate  hardness,  the  ratio  of  coating  to 
substrate  thermal  conductivity,  and  the  ratio  of  coating  thickness  to  surface  roughness.  They 
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{festulated  that  if  coating  is  much  thicker  than  the  roughness,  then  the  resistance  increases 
with  increasing  coating  thickness.  Provided  that  the  coating  thickness  is  on  the  order  of  or  less 
than  the  roughness,  the  resistance  will  decrease  if  the  coating  is  much  softer  than  the  substrate. 

Peterson  and  Fletcher  (1991)  conducted  an  experimental  investigation  of  the  thermal 
contact  conductance  of  anodized  coatings.  Seven  anodized  samples  of  6061-T6  aluminum  with 
coating  thicknesses  ranging  from  60.9  to  163.8  pm  (0.0024  to  0.0065  in.)  were  tested  in  contact 
with  a  single  bare  sample.  Surface  roughness  ranged  from  0.30  to  5.33  pm  (12  to  210  pin.), 
while  asperity  slopes  varied  from  0.08  to  0.25.  All  surfaces  were  flat  to  within  approximately 
1  pm  (39  pin.).  Both  the  overall  joint  conductance  between  the  anodized  and  bare  surface  and 
the  bulk  conductance  of  the  anodic  coating  increased  with  increasing  contact  pressure  and 
decreased  with  increasing  coating  thickness. 

The  authors  described  the  basic  methods  in  applying  anodic  surface  treatments  and  other 
types  of  coatings.  Anodized  coatings  result  from  an  oxidation  process  at  the  surface  of  a 
material.  Although  anodized  surfaces  are  mechanically  similar  to  electroplated  or  vapor-deposited 
coatings,  the  anodized  coatings  are  created  by  chemical  conversion  of  the  outer  layers  of  a 
material,  whereas  the  other  two  processes  involve  the  bonding  of  a  substance  to  the  substrate. 
The  oxidized  surface  is  an  integral  part  of  the  material  and  has  exccUent  adherence. 

Their  conclusions  indicated  that  for  very  smooth,  untreated  surfaces,  slight  increases  in 
the  roughness  cause  moderate  increases  in  contact  conductance.  The  overall  joint  conductance 
was  more  sensitive  to  variations  in  pressure  for  the  thinuCT  coatings  dian  for  the  thicker  coatings. 
They  explained  this  as  being  due  to  variations  in  the  effective  microhardness  of  the  surfaces. 
They  proposed  that  for  very  thin  anodized  layers,  the  effective  microhardness  of  the  interface 
results  from  a  combination  of  the  uncoated  aluminum  surface,  the  relatively  hard  oxide,  and  the 
aluminum  substrate.  As  the  thickness  of  the  anodized  surface  increases,  the  uncoated  surface 
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asperities  do  not  penetrate  the  anodized  coating,  and  the  effective  microhardness  results  only  form 
a  combination  of  the  uncoated  aluminum  surface  and  the  anodized  surface. 

Using  their  experimental  data,  the  authors  developed  an  empirical,  dimensionless 
expression  that  related  the  overall  joint  conductance  to  the  coating  thickness,  the  surface 
roughness,  the  interfacial  pressure,  and  the  thermophysical  properties  of  the  aluminum  substrate. 
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3;^^  EVALUATION  OF  THEORETICAL  PREDICTIONS 

This  section  is  devoted  to  describing  how  the  various  theories  for  predicting  contact 
conductance  compare  to  the  available  data.  The  prediction  (or  predictions)  that  best  models  the 
existing  data  is  used  to  determine  the  level  of  contact  conductance  enhancement  afforded  by  the 
potential  rail  coating  materials.  These  materials  are  listed  in  Table  1,  and  discussed  in  more 
detail  in  this  section.  First,  the  adequacy  of  the  prediction  technique  must  be  ascertained. 

The  descriptions  and  comparisons  of  the  various  theories  and  data  given  below  refer 
frequently  to  Figs,  la  and  lb.  These  figures  illustrate  four  prediction  techniques  and  data  from 
ten  investigations  on  the  thermal  contact  conductance  of  metallic  junctions  with  metallic  or  oxide 
(including  anodic)  interstitial  coatings.  All  data  and  prediction  technique  included  in  Figs,  la  and 
lb  have  been  reduced  to  the  same  dimensionless  groupings  as  those  employed  by  Antonetti  and 
Yovanovich  (1985),  since  this  prediction  technique  proved  to  be  most  useful  for  reducing  all  of 
the  information  to  an  equivalent  form.  It  should  be  noted  that  all  the  prediction  techniques 
incorporate  Bessel  functions  into  the  computation  of  constriction  factors  for  characterizing  the 
contact.  These  often  involve  simultaneous  solution  of  several  algebraic  or  integral  equations. 
However,  the  analysis  in  Antonetti  and  Yovanovich  (1988)  also  contains  a  table  of  constriction 
factors  that  are  listed  in  terms  of  topographical  (i.e.,  metrological),  thermophysical,  and  loading 
information  on  the  contact  that  is  readily,  though  tediously,  calculable.  This  later  work  illustrates 
the  application  of  their  1985  investigation  to  different  coatings  and  substrates.  The  predictions 
of  Antonetti  and  Yovanovich  (1985)  and  O’Callaghan  et  al.  (1981)  explicitly  apply  to  metallic 
coatings,  whereas  those  of  Al-Astrabadi  et  al.  (1980)  and  Yip  (1974)  are  intended  for  oxide  fflms. 

The  predictive  technique  in  Antonetti  and  Yovanovich  (1985)  utilizes  the  mean  asperity 
slope,  m,  a  surface  parameter  not  found  in  all  ten  investigations  on  contact  conductance  from 
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which  data  has  beeft  extracted.  However,  Antonetti  and  Yovanovich  (1985,  1988),  Kang  et  al. 
(1989),  Al-Astrabadi  et  al.  (1980),  Peterson  and  Fletcher  (1990),  Yip  (1974),  and  O’Callagahan 
et  al.  (1981)  did  provide  measurements  of  mean  asperity  slope.  Analysis  of  the  metrological 
information  revealed  a  relationship  between  RMS  asperity  slope  and  RMS  roughness,  which  is 
described  by  the  expression: 

m  • 

This  relationship  was  used  in  reducing  data  from  those  investigations  lacking  asperity  slope 
measurements  to  the  nondimensional  form  given  by  Antonetti  and  Yovanovich  (1985).  This 
expression  is  accurate  to  within  approximately  ±50%  for  all  but  the  data  of  O’Callaghan  et  al. 
(1981).  The  measurement  asperity  slopes  of  O’Callaghan  et  al.  are  considerably  smaller  than 
those  predicted  by  the  slope  equation. 

Translation  of  the  other  three  prediction  techniques,  those  of  O’  Callaghan  et  al.(1981),  Al- 
Astrabadi  et  al.  (1980),  and  Yip  (1974),  to  the  nondimensional  form  found  in  Antonetti  and 
Yovanovich  (1985),  resulted  in  a  family  or  group  of  parallel  lines  for  each  theory.  Since  the 
prediction  lines  for  each  theory  were  not  widely  separated,  the  average  trace  of  each  group  is 
plotted  in  the  appropriate  figure  (la  or  lb).  As  evident  in  both  figures,  the  predictions  lie  quite 
closely  to  each  other,  and  they  tend  to  define  an  upper  bound  to  the  data.  Also,  as  expected, 
each  theory  closely  approximates  its  associated  data.  The  predictive  expressions  from  the  four 
theories  described  above,  as  well  as  the  expression  for  anodized  surfaces  from  Pet^on  and 
Fletcher  (1990),  are  listed  in  Appendix  A. 

The  two  theories  that  apply  to  metallic  coatings,  those  of  O’Callaghan  et  al.  (1981)  and 
Antonetti  and  Yovanovich  (1985),  are  almost  precisely  colinear,  although  they  extend  over  the 
low  and  high  pressure  regimes,  respectively.  Although  the  two  theories  for  metallic  coatings  are 


a 

100 
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accurate  for  their  ^ojxesponding  data,  they  both  perform  rather  poorly  for  the  majority  of  the  data 
on  such  contacts  extracted  from  other  investigations:  Chung  et  al.  (1991),  Fried  and  Kelley 
(1965),  Kang  (1989),  and  Mal’kov  and  Dobashin  (1969).  The  two  predictions  overestimate  the 
contact  conductance  by  as  much  as  a  factor  of  100.  These  discrepancies  may  be  due  in  part  to 
the  fact  that  all  of  the  theories  implicitly  assume  that  the  contacting  surfaces  are  perfectly  flat, 
so  they  cannot  account  for  the  significant  flatness  deviations  (waviness)  reported  in  some  of  the 
other  studies.  As  the  waviness  of  a  surfiice  increases,  its  contact  area  decreases,  thereby  reducing 
the  contact  conductance.  For  example,  specimens  used  by  Mal’kov  and  Dobashin  (1969) 
exhibited  surface  waviness  measurements  from  5  to  as  great  as  40  |im  (0.0002  to  0.0016  in.). 
This  last  value  is  approximately  20  times  larger  than  its  associated  roughness.  This  wide  range 
of  waviness  may  be  the  cause  of  the  considerable  scatter  of  the  results  from  their  experiments 
seen  in  Fig.  la.  Fried  and  Kelley  (1965)  listed  the  maximum  Harness  deviation  as  3.8  |im  (150 
^lin.).  Although,  this  value  is  approximately  four  times  the  associated  rms  surface  roughness,  it 
is  unlikely  that  this  alone  could  have  caused  the  very  low  dimensionless  conductances  (nearly 
two  orders  of  magnitude  less  than  the  theories)  calculated  for  this  set  of  experiments.  These 
large  variations  may  suggest  the  existence  of  some  important  and,  as  of  yet,  unrecognized 
parameter.  Chung  et  al.  (1991)  did  not  provide  explicit  values  of  waviness.  However,  some  of 
the  specimens  they  studied  had  turned  surfaces,  which  usually  exhibit  significant  deviations  from 
flatness.  Kang  (1989)  listed  waviness  heights  typically  equal  to  2.5  pm  (98  pin.)  for  the  turned 
aluminum  surfaces  examined. 

The  anodized  6101-T6  aluminum  and  nickel  plated  Cl  1000  copper  SEM  frames  have 
specified  Harness  deviations  of  50  and  250  pm  (0.002  and  0.010  in.),  respectively.  Thus,  for  the 
reasons  described  above,  the  contact  conductance  of  these  frames  to  the  A356-T61  aluminum 
card  rails  should  be  significantly  less  than  that  predicted  by  the  theory  of  Antonetti  and 
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Yovanovich  (1985)>r 

Since  the  theory  in  Antonetti  and  Yovanovich  (1985)  is  presented  in  the  most  tractable 
form  for  calculations,  it  is  used  here  to  estimate  the  contact  conductance  provided  by  the  possible 
coating  materials  listed  in  Table  1.  This  prediction  describes  the  upper  bound  of  contact 
conductance,  since  it  was  developed  for  flat  surfaces.  The  estimated  contact  conductances  of 
coated  contacts  determined  using  this  prediction,  will  not  be  representative  of  real  machined  or 
ground  surfaces  (which  exhibit  considerable  waviness)  unless  corrected  by  some  qipropriate 
factor  to  account  for  this  waviness.  No  theory  has  been  proven  adequate  for  quantitatively 
evaluating  the  effect  of  surface  waviness.  Consequently,  the  estimated  ratios  of  coated  to 
uncoated  contact  conductance  listed  in  Table  2  and  illustrated  in  Fig.  2  are  no  doubt  inflated. 
The  value  of  these  computed  ratios  is  in  the  fact  that  they  allow  the  various  candidate  coatings 
to  be  qualitatively  compared  and  ranked  in  order  of  expected  thermal  performance. 

The  predictions  for  contacts  containing  interstitial  oxide  films,  shown  in  Fig.  lb,  although 
accurate  for  oxide  films,  somewhat  overestimate  the  contact  conductance  of  junctions  with  anodic 
coatings.  PetCTSon  and  Fletcher  (1991)  conducted  experiments  on  6061-T6  aluminum  with 
anodized  coating  thicknesses  varying  firom  61  to  164  ^im  (0.0024  to  0.0065  inch)  and  surface 
roughnesses  firom  0.3  to  5.3  iim  (12  to  212  ^lin.)  in  contact  with  bare  6061-T6.  The  specimens 
had  flamess  deviations  on  the  order  of  1  iim  (39  iiin.)  or  less.  Since  the  descriptions  of  the 
6101-T6  SEM  frames  do  not  stipulate  the  exact  anodized  coating  thickness,  it  is  assumed  to  be 
50  |im  (0.002  inch)  as  instructed  in  MIL-A-8625E  (1988).  The  roughness  of  the  aluminum  6101- 
T6  frames  is  specified  to  be  0.6  |xm  (24  jiin.),  and  the  maximum  allowable  flamess  deviation  is 
50  fim  (0.002  in.).  Thus,  apart  from  surface  flamess,  these  two  contact  systems  are  quite  similar 
since  the  thermal  conductivities  and  hardnesses  of  the  aluminum  alloys  considered  do  not  differ 
greatly.  As  with  metallic  contacts,  increased  deviations  firom  flamess  cause  reductions  in  the 
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contact  area  an(^''e»nis^uently,  the  contact  conductance.  Therefore,  the  values  of  conductance 
obtained  in  Peterson  and  Fletcher  (1991)  should  be  greater  than  those  of  the  presently  employed 
anodized  6101-T6  to  uncoated  A356-T61  junctions. 
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4.0  r^LECTION  OF  CANOmATE  COATING  MATERIALS 

A  number  of  materials  have  been  used  as  coatings  for  controlling  the  thermal  contact 
conductance  of  pressed  contacts.  This  section  describes  in  detail  the  selection  of  those  coatings 
that  may  best  improve  the  contact  conductance  of  the  SEM/card  rail  interface. 

4.1  Coating  Materials 

As  explained  by  Fletcher  (1990),  of  the  four  basic  types  of  interstitial  materials,  only 
surface  treatments  and  coatings  are  deemed  suitable  for  microelectrcMiic  applications.  Coatings 
may  be  polymeric,  ceramic,  composite,  metallic,  nonmetallic,  or  oxidic  in  nature.  Although 
polymeric  coatings  are  typically  resistant  to  deterioration  in  a  marine  environment,  and  may 
improve  conductance  if  impregnated  with  metal  particles,  they  generally  only  provide  moderate 
enhancement.  Ceramics  and  oxides  are  almost  invariably  insulative.  Composites  generally 
exhibit  the  same  performance  as  polymers,  as  they  are  usually  comprised  mainly  of  polymeric 
resins.  Metallic  coatings  are  typically  the  most  highly  thermally  conductive  materials  and  may 
afford  the  greatest  improvement  in  thermal  contact  conductance.  Thus,  consideration  of  possible 
coating  materials  is  limited  primarily  to  metals. 

One  noteworthy,  potentially  highly  conductive  nonmetallic  coating  material  is  carbon. 
It  exists  in  two  main  allotropic  forms,  graphite  and  diamond.  Graphite  has  a  thermal  conductivity 
of  1950  W/m-K  in  directions  parallel  to  the  layers  of  atoms  although  its  thermal  conductivity  is 
only  5.7  w/mK  perpendicular  to  the  layers.  This  is  approximately  five  times  that  of  silver,  the 
most  conductive  metal.  However,  graphite  is  probably  too  soft  and  brittle  to  remain  intact  in 
sliding  or  clamped  contacts.  Chemical  vapor-deposited  (CVD)  diamond  coatings  are  also  highly 
conductive  (10(X)-1300  W/m-K),  as  determined  by  Herb  et  al.  (1989).  Diamond  is  extremely 
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hard  and  impervibuS  to  environmental  corrosion.  Diamond  also  has  a  high  thermal  conductivity, 
and  is  extremely  effective  as  an  electrical  insulator.  At  present  the  effect  of  CVD  diamond 
coatings  on  contact  conductance  is  unknown,  and  additional  research  is  necessary  to  detennine 
the  performance  of  diamond  films  for  both  static  and  sliding  thermal  enhancement  applications. 

4.2  Coating  Requirements  for  Maximum  Contact  Conductance 

Criteria  that  are  considered  most  important  for  enhancement  of  the  thermal  contact 
conductance  of  the  frame-rail  interface  have  been  evaluated.  Some  investigators,  such  as 
O’Callaghan  et  al.  (1981)  and  Snaith  et  al.  (1982),  suggest  that  the  ideal  coating  material 
possesses  a  large  ratio  of  thermal  conductivity  to  hardness.  They  contend  that  coatings  of  low 
hardness  deform  readily  under  load,  flow  around  the  asperities,  and  thereby  increase  the  contact 
area.  High  values  of  thermal  conductivity  tend  to  alleviate  the  constriction  resistance  through 
the  reduced  areas  of  the  microcontacts,  and  this  coating  property  is  considered  by  Mikic  and 
Camasciali  (1969)  to  be  highly  important.  A  number  of  metals  with  high  ratios  of  themaal 
conductivity-to-hardness  are  listed  in  Table  1  for  comparison. 

4.3  Survey  of  Metallic  Elements 

Since  metals  are  the  type  of  coating  material  thought  to  be  most  appropriate  for  SEM/caid 
rail  applications,  an  assay  of  all  metallic  elements  has  been  made  to  justify  the  selection  of  those 
elements  considered  as  candidate  coatings.  Those  selected  are  listed  in  Tables  1  and  2. 
Properties  of  the  metals  were  taken  from  a  number  of  sources,  including:  Tabor  (1951),  the 
Metals  Handbook  (1990),  Touloukian  and  Ho  (1972,  1976),  Hultgren  et  al.  (1973),  Westbrook 
and  Conrad  (1973),  Ho  (1974),  Weast,  (ed)  (1974),  Smith  (1981),  Richman  (1967),  Brick  et  al. 
(1971),  and  Flinn  and  Trojan  (1981).  A  summary  of  the  performance  characteristics  is  provided 
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in  Table  2. 

The  elements  in  the  periodic  table,  shown  in  Appendix  B,  are  arranged  according  to  their 
electronic  configurations,  which  give  rise  to  many  of  their  properties.  Therefore,  it  would  seem 
logical  to  sort  through  the  metals  group  by  group,  a  group  being  those  elements  with  similar 
valence  or  outer  shell  electron  configurations,  to  determine  those  which  best  suit  the  requirements 
of  a  conductance-enhancing  coating. 

The  first  two  columns  of  the  periodic  table,  except  for  hydrogen,  contain  the  alkali  metals 
with  valence  numbers  of  one  or  two.  These  are  typically  highly  reactive.  All  but  two,  beryllium 
and  magnesium,  may  be  summarily  excluded  from  consideration  because  they  are  either 
poisonous,  radioactive,  available  in  insufficient  supply,  or  react  vigorously  or  even  explosively 
when  exposed  to  moisture  or  ignite  spontaneously  when  exposed  to  air.  Beryllium,  although  it 
is  employed  where  lighmess  and  stiffness  are  needed  and  does  resist  oxidation  in  air,  is  toxic. 
Although  Beryllium  has  a  high  thermal  conductivity,  it  is  toxic  and  is  very  hard  with  a  Brinell 
Haidness  (BHN)  of  97.  Magnesium  tarnishes  slightly  when  exposed  to  air  and  ignites  when 
heated.  This  combination  of  disadvantages  makes  magnesium  an  unlikely  choice.  However, 
since  it  is  used  in  a  number  of  applications,  it  is  included  in  the  group  of  candidate  coatings. 

To  the  right  of  the  alkali  metals  are  the  rare-earth  or  lanthanide  series  of  metals,  and 
below  them  are  the  actinide  series.  Lanthanum,  the  first  of  the  rare-earths,  oxidizes  rapidly  in 
air  and  exhibits  low  to  moderate  toxicity.  Next  is  cerium,  which  oxidizes  very  readily  in  moist 
air  and  may  ignite  if  scratched.  Praseodymium,  though  somewhat  more  stable  than  lanthanium 
or  cerium,  develops  a  green  oxide  coating  in  air  which  spalls  off,  thereby  exposing  more  of  the 
metal.  Neodymium  quickly  tarnishes  in  air,  its  oxide  also  spalls  off,  and  it  has  low  to  moderate 
acute  toxicity.  Promethium  is  extremely  rare,  it  does  not  exist  naturally  on  earth,  and  must  be 
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synthesized  at  gr^f  ^x^nse.  Samarium,  though  reasonably  stable  in  air  at  room  temperature, 
ignites  when  heated  above  150°C  and  is  also  possibly  toxic.  Europium  is  about  as  hard  as  lead, 
is  the  most  reactive  metal  of  this  series,  and  quickly  oxidizes  in  air.  As  with  other  rare-earth 
metals,  except  for  lanthanium,  europium  igmtes  in  air  at  150  to  ISO^C.  Gadolinium  is  relatively 
stable  in  dry  air,  but  in  moist  air  it  tarnishes  with  the  formation  of  a  loosely  adhering  oxide  film 
that  spalls  off.  Terbium  is  reasonably  stable  in  air  and  is  soft  and  ductile,  however,  it  is  very 
expensive  and  possibly  toxic.  Dysprosium  is  soft  and  relatively  stable  in  air  at  room  temperature, 
rapidly  oxidizes  in  moist  air  and  at  elevated  temperature,  and  possibly  exhibits  low  toxicity. 
Erbium  is  fairly  stable  in  air  and  does  not  oxidize  as  rapidly  as  some  of  the  other  rare-earth 
metals.  Thulium  is  reasonably  stable  in  air  but  will  oxidize  when  exposed  to  moisture.  It  is 
expensive  and  has  low  to  moderately  acute  toxicity.  Ytterbium,  while  fairly  stable,  oxidizes  in 
air  and  moisture  and  has  low  acute  toxicity.  The  last  rare-earth,  lutetium,  is  stable  in  air  but  very 
expensive  and  also  has  low  toxicity. 

Below  the  rare-earth  metals  are  the  actinides.  The  first  in  this  series,  actinium,  is  highly 
radioactive.  Its  chemical  behavior  is  similar  to  the  rare-earths,  particularly  lanthanum.  Thorium 
is  soft  and  very  ductile,  however,  it  is  a  radiation  hazard  and  should  be  stored  and  handled  in 
areas  with  good  ventilation.  Protactinium  is  a  dangerous  toxin  and  is  very  expensive.  Uranium 
and  its  compounds  are  highly  toxic,  both  chemically  and  radiologically.  Neptunium,  found  only 
in  trace  quantities  in  nature,  is  chemically  reactive  and  very  expensive.  TTie  remainder  of  the 
transuranium  elements  (those  to  Uie  right  of  uranium)  are  radiological  poisons.  They  are 
absorbed  by  bone  marrow,  and  trace  quantities  may  destroy  the  body’s  ability  to  generate  blood 
corpuscles. 

To  the  right  of  the  rare-earth  metals  in  the  periodic  table  are  the  ten  columns  of  transition 
elements.  The  subject  of  their  applicability  is  discussed  in  more  detail,  as  they  are  not 
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radioactive  and  art^ienerally  less  reactive  than  the  alkali  or  rare-earth  metals. 

In  the  first  column  of  the  ten  columns  of  transition  elements  are  scandium  and  yttrium. 
Their  properties  resemble  those  of  the  rare-earth  elements.  Scandium  is  relatively  soft,  oxidizes 
slightly  in  air,  is  expensive,  and  may  also  be  toxic.  Yttrium  is  less  expensive  than  scandium  and 
is  relatively  stable  in  air  in  bulk  form. 

The  second  column  is  composed  of  titanium,  zirconium,  and  hafnium.  All  have  excellent 
resistance  to  seawater  corrosion.  Titamum  is  too  hard  (BHN  200)  to  be  useful  as  a  coating. 

Vanadium,  niobium,  and  tantalum  comprise  the  third  column.  Vanadium  is  moderately 
hard  and  ductile  and  resistant  to  salt  water.  Niobium  is  slightly  harder  but  still  ductile.  It  begins 
to  oxidize  above  200  C.  Tantalum  is  almost  completely  inert  below  150“C  and  is  relatively  hard 
(BHN  60).  All  are  considered  because  of  their  desirable  low  reactivity. 

Chromium,  the  uppermost  element  of  the  fourth  column  is  extremely  resistant  to  corrosion 
and  is  usually  quite  hard,  even  in  the  annealed  state  (BHN  1(X)).  It  is  included  in  consideration 
because  it  is  widely  used  as  a  protective  plating.  Molybdenum  and  tungsten  are  too  hard  and 
brittle  for  this  application. 

As  for  the  fifth  column,  manganese  is  extremely  hard  (BHN  3(X))  and  brittle,  so  it  not 
considered.  Technetium  does  not  naturally  exist,  is  very  expensive,  and  is  radioactive.  Rhenium, 
is  corrosion  and  wear  resistant,  but  too  hard  to  be  useful. 

The  top  element  in  the  sixth  column,  iron,  is  moderately  hard  (BHN  70)  and  oxidizes 
rapidly  in  moist  air.  The  next  two,  ruthenium  and  osmium,  are  extremely  hard  (BHN  220  and 
400,  respectively)  and  are  stable  in  air  at  room  temperature.  The  oxides  of  the  latter  two  are 
highly  toxic  and  unsuitable  for  microelectronic  interfaces. 

The  seventh  column  of  the  transition  elements  contains  cobalt,  rhodium,  and  iridium.  All 
are  extremely  oxidation  resistant.  Cobalt  is  moderately  hard  (BHN  48)  in  the  annealed  state  and 
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may  be  worth  consideration.  Rhodium  is  very  hard  (BHN  135),  but,  since  it  is  sometimes 
employed  as  a  plating,  it  is  listed  as  a  candidate  material.  Iridium  is  even  harder  (BHN  170)  than 

rhodium,  so  it  is  unlikely  to  improve  conductance. 

In  the  eighth  column  are  nickel,  palladium,  and  platinum.  All  are  noble  metals  and  are 
used  to  differing  extents  as  platings.  Thus,  all  are  evaluated  in  terms  of  their  applicability  to  this 
project.  Nickel  is  fairly  hard  (BHN  75).  Palladium  and  platinum  are  markedly  softer  but 
expensive. 

The  ninth  column  is  occupied  by  copper,  silver,  and  gold.  These  are  the  most  highly 
conductive  metals  and  are  relatively  soft,  making  them  attractive  possibilities.  Copper  and  silver 
tarnish  slightly  in  air.  Gold  has  the  unique  property  among  the  metals  that  its  oxide  is  unstable. 
Therefore,  gold  surfaces  will  remain  bright  indefinitely. 

Zinc,  f’attminm,  and  mercury  comprise  the  tenth  and  last  column  of  the  transition  metals. 
Cadmium  is  soft  and  also  toxic  but  used  extensively  in  electroplating.  Thus,  it  is  considered. 
Mercury  is,  of  course,  highly  poisonous  and  liquid  at  room  temperature,  makrng  it  unsuitable. 
Zinc  is  fairly  soft  but  highly  reactive.  It  is  frequently  used  as  a  plating,  so  it  is  included  in  the 
present  analysis. 

To  the  right  of  the  transition  metals  are  tfiose  elements  that  become  increasingly  more  like 
metalloids  and  nonmetals  with  increasing  proximity  to  the  noble  gases.  Beginning  with  the 
column  under  boron,  the  first  metal  encountered  is  aluminum,  which  is  quite  soft  and  highly 
conductive,  making  it  worthy  of  attention.  However,  aluminum  does  form  an  oxide  scale  in  air. 
Gallium,  next  below  aluminum,  has  an  insufficiently  high  melting  point,  3()“C  (86®F).  Indium 
is  extremely  soft  and  more  resistant  to  atmospheric  corrosion  than  silver.  There  is  evidence  that 
it  has  a  low  level  of  toxicity,  but  this  is  considered  minor  and  is  effectively  dealt  with  by 
exercising  normal  hygiene.  Thallium,  at  the  bottom  of  this  column,  is  very  soft.  It  also  forms 
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a  heavy  oxide  if  left  in  air  and  is  poisonous,  even  when  only  in  contact  with  the  skin. 

The  first  metalloid  below  carbon  is  germanium.  It  is  crystalline  and  brittle,  therefore 
unsuitable.  Tin  is  next.  It  is  very  soft  and  resistant  to  sea  water.  Last  in  this  column  is  lead, 
which  is  also  very  soft  and  resistant  to  corrosion.  A  lead  carbonate-hydroxide  forms  on  lead  in 
the  presence  of  moisture  and  carbon  dioxide,  resulting  in  a  white  deposit  on  the  surface.  Care 
must  be  exercised  in  handling  lead  as  it  is  a  cumulative  poison. 

Arsenic  is  the  first  metalloid  below  nitrogen.  It  is  very  hard  (BHN  147)  and  brittle, 
tarnishes  in  air,  and  is  poisonous.  Underneath  arsenic  is  antimony,  which  is  an  ejttremely  brittle 
metal  with  a  flaky,  crystalline  texture.  It  does  not  react  with  air  at  room  temperature,  but  bums 
when  heated.  Antimony  is  also  toxic.  At  the  bottom  this  column  is  bismuth.  It  is  quite  soft, 
though  poorly  conductive.  It  bums  when  heated  sufficiently  in  air.  Since  it  is  so  soft  (BHN  11) 

it  is  evaluated  as  a  coating,  despite  its  disadvantages. 

Below  oxygen  and  sulfur  is  selenium,  a  nonmetal  which  resembles  sulfur  in  its  various 
forms  and  compounds  and  has  a  very  low  thermal  conductivity.  Although  elemental  selenium 
is  considered  almost  nontoxic,  hydrogen  selenide  is  extremely  poisonous.  Tellurium  is  a 
semiconductor  and  is  brittle  and  probably  toxic.  Polonium  is  dangerously  radioactive. 

In  all,  20  metallic  elenaents  were  chosen  for  evaluation  of  their  ability  to  enhance  the 
contact  conductance  of  the  frame-card  rail  interface.  Their  selection  was  based  on  loosely 
defined  requirements  of  low  hardness,  high  thermal  conductivity,  excellent  corrosion  resistance, 
or  a  combination  of  these  properties. 

4.4  Coating  Thicknesses 

Reasons  for  the  specification  of  coating  thicknesses  for  the  candidate  metals  listed  in 
Table  2  are  described  below.  Coating  thicknesses  which  are  of  the  same  order  as  the  combined 
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rms  surface  roughliieSs  have  been  demonstrated  to  be  optimal  by  O’Callaghan  (1981).  Existing 
data  on  the  various  coating  materials  was  utilized  in  selecting  the  precise  thickness  of  each 
coating  to  be  used  in  calculations  of  contact  conductance.  Kang  (1989)  demonstrated  that  the 
optimal  coating  thicknesses  for  indium,  lead,  and  tin  on  substrates  of  6061-T6  aluminum  were 
2.5, 2.0,  and  0.5  pm  (98, 79,  and  20  pin.),  respectively.  The  surfaces  roughness  of  the  nominally 
flat  specimens  investigated  by  Kang  (1989)  was  typically  0.7  pm  (28  pin.),  which  is  nearly  equal 
to  that  specified  for  the  6101 -T6  aluminum  and  copper  frames.  Since  a  surface  roughness  of  0.6 
pm  (24  pin.)  is  prescribed  for  the  frame  materials,  it  is  here  assumed  that  this  would  be  an 
appropriate  roughness  for  the  A356-T61  aluminum  card  rails.  Thus,  because  the  optimal  coating 
thickness  is  assumed  to  be  dependent  on  the  roughness,  and  because  the  roughness  of  the 
specimens  used  by  Kang  is  approximately  equal  to  that  assumed  to  be  appropriate  for  the  rails, 
the  optimal  thicknesses  of  the  indium  and  lead  coatings  given  above  are  used  for  the  present 
purposes.  A  tin  coating  thickness  of  2  pm  (79pin.)  is  used  instead  of  0.5  pm  (20pin.)  to 
maintain  uniformity.  It  seems  odd  that  the  optimal  tin  coating  thickness  should  be  greatly 
different  from  the  optimal  lead  coating  thickness,  since  they  have  essentially  the  same  hardness. 

Antonetti  and  Yovanovich  (1988)  reported  the  ideal  thickness  of  a  silver  coating  on  an 
aluminum  substrate  to  be  approximately  20  pm  (0.0008  in.)  for  a  combined  rms  roughness  for 
both  surfaces  of  4  pm  (157  pin.),  yielding  a  ratio  of  coating  thickness-to-roughness  of  five. 
Thus,  for  a  combined  rms  roughness  of  0.85  pm  (33  pin.)  for  the  frame-rail  combination,  the 
optimal  silver  coating  thickness  should  be  approximately  4  pm  (157  pin.).  The  same  coating 
thickness  is  employed  in  calculations  involving  materials  that  are  similar  in  hardness  (BHN  from 
25  to  40  kg/mm^)  to  silver  (e.g.,  gold,  copper,  magnesium,  etc.).  Aluminum  and  bismuth  are 
intermediate  in  hardness  to  the  very  soft  coatings  (indium,  tin,  and  lead)  and  the  group  containing 
silver,  gold,  copper,  magnesium,  platinum,  etc.  Thus,  an  intermediate  value  of  thickness,  3  pm 
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(120  iiin.),  is  us^4n  computations  for  the  aluminum  and  bismuth  coatings.  The  remaining 
metals  in  Table  1  with  hardness  values  greater  than  BHN  40  are  assigned  coating  thicknesses  of 
5  Jim  (197  jiin.)  for  calculations  of  contact  conductance,  since  it  appears  that  the  optimal  coating 
thickness  increases  with  increasing  hardness. 
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5.0  PREDICTIONS  OF  CANDroATE  MATERUL  PERFORMANCE 

The  performance  of  the  various  coating  materials  has  been  evaluated  in  terms  of  their 
applications  to  SEM  card  rails.  Note  that  Table  2  lists  two  coated-to-uncoated  contact 
conductance  ratios  for  each  material.  These  are  for  the  minimum  and  maximum  contact 
pressures,  173  and  865  kPa  (25  and  125  psi),  respectively,  prescribed  for  the  firame-card  rail 
interface.  The  contact  conductance  information  provided  in  Navy  RFP  N(X)164-90-R-0565  lists 
a  contact  resistance  of  0.189°C/W  for  a  contact  area  of  0.00159  m^  (2,46  in.^)  without  specifying 
the  associated  contact  temperature  and  pressure.  The  corresponding  area-independent  contact 
conductance  is  3334  W/m^.  This  value  is  used  as  the  uncoated  conductance  in  calculating  the 
conductance  ratios. 

As  listed  in  Table  2  and  illustrated  in  Fig.  2,  the  three  very  soft  coatings  (indium,  tin,  and 
lead)  provide  the  greatest  estimated  increases  in  thermal  contact  conductance.  However, 
according  to  Table  1  of  MIL-STD-889B  (1976),  lead  is  susceptible  to  galvanic  corrosion  in  a 
marine  environment,  when  in  contact  with  the  nickel  plating  of  the  Cl  1000  copper  frames.  Thus, 
lead  is  excluded  from  consideration.  Aluminum,  magnesium,  zinc,  and  cadmium  coatings  should 
improve  the  contact  conductance.  But,  as  indicated  in  MIL-STD-889B,  these  metals  are  also 
incompatible  with  the  nickel  plating.  Bismuth  is  not  listed  in  the  galvanic  series  included  in 
Table  2  of  MIL-STD-889B,  but,  judging  from  its  position  to  the  tight  of  lead  (i.e.,  generally  more 
active  due  to  a  sometimes  higher  valence  number  than  lead),  it  is  probably  also  incompatible. 

Silver,  gold,  copper,  palladium,  platinum,  rhodium,  chromium,  cobalt,  tantalum,  and,  of 
course,  nickel  are  all  ctMnpatible  with  the  nickel  plating  of  the  Cl  1000  copper  card  rails. 
Although  not  listed  in  MIL-STD-889B,  vanadium  and  niobium  are  both  probably  compatible  with 
the  nickel  plating  because  they  are  almost  completely  surrounded  in  the  periodic  chart  by  metals 
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-that  are  compatiblfif)vith  nickel  (i.e.,  chromium,  molybdenum,  mngsten,  tantalum,  and  titanium). 
These  harder  metals  (e.g.,  silver,  gold,  etc.)  do  not  afford  such  large  estimated  improvements  in 
contact  conductance  as  do  indium  and  dn. 

MIL-STD-889B  does  not  provide  information  on  the  comparability  of  metals  in  contact 
with  anodized  aluminum  surfaces,  such  as  those  of  the  6101-T6  aluminum  frames.  It  is  likely 
that  dissimilarities  in  electric  potential  of  the  proposed  coadngs  with  the  anodized  6101-T6 
aluminum  are  less  severe  than  with  the  nickel-coated  Cl  1000,  because  the  low  electrical 
conducdvity  of  the  anodized  coating  should  greatiy  impede  galvanic  corrosion  of  the  card  rail 
coating.  Nevertheless,  in  order  to  be  conservadve  in  evaluating  the  proposed  coatings,  the 
observadons  made  for  contacts  involving  the  nickel-coated  Cl  1000  copper  are  assumed  to  hold 
for  contacts  involving  the  anodized  6101-T6  aluminum. 
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6.0  CONCLUSIONS 

Although  estimates  indicate  that  indium  is  expected  to  provide  the  greatest  enhancement 
of  thermal  contact  conductance,  its  poor  shear  strength  makes  it  susceptible  to  being  worn  from 
the  A356-T61  rail  surfaces  with  repeated  removal  and  insertion  of  the  SEM  frames.  Tin  is 
expected  to  be  second  in  terms  of  increasing  contact  conductance.  However,  tin  platings,  when 
mechanically  or  thermally  stressed,  have  been  found  to  form  "whiskers"  in  electronic  components. 
Also,  at  temperatures  below  -18“C  (OT)  tin  platings  deteriorate  into  a  powder. 

Of  the  remaining  metals  that  are  compatible  with  the  nickel  plated  copper  frame,  silver, 
gold,  and  copper  are  expected  to  provide  far  greater  increases  in  contact  conductance  than  the 
rest  Since  copper  forms  a  light  oxide  and  its  thermal  conductance  is  calculated  to  be  slighdy 
less  than  that  of  gold  or  silver,  copper  would  likely  be  supplanted  by  one  of  the  other  two. 
Silver  also  tarnishes  slighdy  but  its  cost  is  a  small  fraction  of  that  of  gold.  Both  silver  and  gold 
are  readily  plated  or  deposited  onto  surfaces,  and  they  are  excellent  choices  for  the  rail  coating. 
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Appendix  C 

Published  Experimental  Data  on  Coated  Contacts 
Key  to  tabular  quantities: 


Be 

Linear  thermal  expansion  coefficient  of  coating,  nm/mK 

Del- 1,2 

Roughness  of  surfaces  1  and  2  (RMS/A vg.),  Itni 

Ec 

Elastic  (Young’s)  modulus  of  coating,  GPa 

Es 

Elastic  (Young’s)  modulus  of  substrate,  GPa 

h 

Thomal  contact  amductance,  WAn?K 

He 

Hardness  of  coating,  MPa 

Hs 

Hardness  of  substrate,  MPa 

He,  BHN 

Brinell  Hardness  of  coating,  kg/taa? 

Hs,  BHN 

Brinell  Hardness  of  substrate,  kg/mm* 

kc 

Thermal  conductivity  of  coating,  W/mK 

ks 

Thermal  conductivity  of  substrate,  W/mK 

P 

Apparent  contact  pressure,  kPa 

Slope- 1,2 

Asperity  slope  of  surfaces  1  an  2  (Absolute/Radians) 

Tm 

Mean  interface  tetoperaturc,  C 

tl,2 

Coating  thickness  on  surfaces  1  and  2,  lim 

wave- 1,2 

Waviness  (flatness  deviation)  of  surfaces  1  and  2  (AvgTMax.),  pm 
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